The sublimation enthalpy of corannulene g cr H m (298.15 K) has been measured by head space analysis and by combining the fusion and vaporization enthalpies. A mean value of (118.3 ± 3.3) kJ · mol −1 was obtained. The vaporization enthalpies of perylene and coronene were also measured by correlation gas chromatography. Combining the vaporization enthalpy of perylene with the fusion enthalpy adjusted to T = 298.15 K affords a sublimation enthalpy at 298.15 K of (138.1 ± 6.2) kJ · mol −1 . This value permits a distinction to be made between several discordant sublimation enthalpies in the literature. The vaporization enthalpy of coronene measured in this work permits an identification of the most probable sublimation enthalpy value among a series of varying literature values. A value of (155 ± 7.0) kJ · mol −1 is recommended for g cr H m (298.15 K) of coronene. The new data reported here complete the experimental determination of gas-phase enthalpy of formation values, f H o m (g, 298.15 K): for corannulene (460.6 ±6.5) kJ · mol −1 , perylene (319.4 ± 2.2) kJ · mol −1 , and coronene (307.5 ± 9.8) kJ · mol −1 .
Introduction
The strain and resonance energies of fullerenes, the new spherical allotropic forms of carbon, corannulene, a bowl-shaped C 20 H 10 hydrocarbon, and of coronene, a planar C 24 H 12 polycyclic aromatic hydrocarbon, have been of considerable interest in recent years. (1) (2) (3) Enthalpies of formation of the solids have been determined by combustion calorimetric measurements. (2, 4) This work reports the experimental enthalpies of sublimation of corannulene and perylene and provides a reasonable method of assessing the enthalpy of sublimation of coronene. The structures of the compounds studied in the present work are shown in figure 1 . The sublimation enthalpy of corannulene has been determined by measurement of vapor pressure as a function of temperature by head space analysis. The sublimation enthalpies of corannulene, coronene, and perylene have also been measured from the sum of the vaporization and fusion enthalpies adjusted for temperature to T = 298.15 K. The vaporization enthalpies of these samples have been obtained by means of correlation-gas chromatography. (5, 6) The gas-phase enthalpies of formation of corannulene and perylene are evaluated, and the most probable experimental value for the enthalpy of sublimation of coronene is provided. The results are compared with theoretical calculations reported previously.
Experimental
Coronene (mass fraction, 0.99) and perylene (mass fraction, 0.995) were obtained from Aldrich Chem. Co. The corannulene, prepared as reported previously, (7) had a mass fraction purity of >0.99 according to gas chromatographic analysis. Sublimation enthalpies were evaluated by means of head space analysis as described previously. (8) Vapor pressures p were calculated by applying the ideal gas law to the mass of solute condensed from a ballast tank with a volume of 12.4 dm 3 . The mass of solute was determined by u.v. analysis on a dual beam Hitachi spectrophotometer. Values of sublimation enthalpy evaluated by head space analysis are usually accurate to within a few percent and have a tendency to be slightly lower than those measured by other methods. Absolute vapor pressures are generally not considered highly accurate because of adsorption effects and some caution is recommended in using them. Sample temperatures in table 1 are accurate to within ±0.2 K.
Correlation gas chromatography experiments were performed on an HP 5890 Series II Gas Chromatograph equipped with a (split, splitless) capillary injection port and a flame ionization detector. Retention times were recorded to three significant figures following the decimal point on a HP 3989A integrator. The instrument was run isothermally with At the temperatures of the experiments, the solvent was not retained; the retention times of the solvent were used to determine the dead volume of the column. Corrected retention times t rc were calculated by subtracting the measured retention time of each analyte from the retention time of the solvent as a function of temperature over a 30 K range. Column temperatures were controlled by the gas chromatograph and were monitored independently by using a Fluke 51 K/J thermometer. Temperature was maintained constant to ±0.2 K.
The literature values used for the n-alkanes C 18 to C 20 are those recommended by Ruzicka and Majer (9) and for the n-alkanes C 22 to C 28 are those recommended by Chickos and Wilson. (10) The purities of the standards are not particularly relevant here since the chromatography generally separates the impurities, and the standards are analyzed as a mixture. The purity of the standards generally had a mass fraction purity of 0.99 or better. Uncertainties are reported as two standard deviations unless noted otherwise. Fusion enthalpies were measured on a Perkin Elmer DSC 7. Measurements were conducted in triplicate under nitrogen at a temperature scan rate of 0.0833 K · s −1 . The samples were hermetically sealed in stainless steel capsules. The instrument was standardized by using the fusion enthalpy of indium, and checked by using the fusion enthalpies of biphenyl, naphthalene, and benzoic acid. (11) The uncertainty (±2 · σ ) associated with the use of equation (4) has arbitrarily been chosen as one-third of the total temperature adjustment.
Results and discussion
Vapor pressure measurements for corannulene are reported in table 1. Equation (1) resulted from a non-linear least squares treatment of the data at the mean temperature indicated
The vapor pressure of coronene was too small to measure directly by head space analysis. Table 4 summarizes vaporization enthalpies from the literature and those obtained in this study for both standard and target molecules. The uncertainty represents two standard deviations of the mean.
Enthalpies of sublimation, vaporization, and fusion measured at other temperatures were adjusted to T = 298.15 K by means of equations (2) to (4) according to the protocol described elsewhere. (12) (13) (14) g cr H m (298.15
The terms C p,m (cr) and C p,m (l) refer to the heat capacities of the solid and liquid phases, respectively, and were estimated according to a group additivity approach. (15) A liquid-phase group value for the internal quaternary sp 2 carbon atom found in the internal carbons of coronene, corannulene, and perylene, is not available. Values of
· mol −1 for the liquid and = 9.1 J · K −1 · mol −1 for the solid were used for these terms. The value of 9.1 J · K −1 · mol −1 replaces the tentative assignment of 4.44 J · K −1 · mol −1 reported previously, (15) and is based on the evaluation of additional data. The value of = 16 J · K −1 · mol −1 was estimated from (l)/ (cr) observed for quaternary aromatic carbon atoms and the 9.1 J · K −1 · mol −1 value evaluated for (cr) of the solid. This assumes a constant ratio for the two types of quaternary aromatic carbon atoms. The values used for each group and the total estimated heat capacity for each compound are summarized in table 5. The sublimation enthalpy of corannulene adjusted to T = 298.15 K on the basis of equation (2) as measured by head space analysis is listed as the first entry in table 6. The second entry is the value for corannulene obtained by adding the vaporization enthalpy at T = 298.15 K to the fusion enthalpy adjusted similarly for temperature. The sublimation enthalpies calculated for coronene, perylene, and several of the standards used are listed in the last column of this table. The results obtained for coronene require some comment. Adjusting the value of the fusion enthalpy of coronene from T = 710.5 K to T = 298.15 K results in a negative fusion enthalpy. This adjustment is clearly unrealistic and is probably a consequence of using equation (4) over a temperature range that greatly exceeds its valid limits. (12) (13) (14) Equation (4) has been tested to about T = 500 K and found to give reasonable temperature adjustments. The melting temperature for coronene is simply beyond the applicable temperature range.
The sublimation enthalpies obtained in this study are compared with literature values in table 7. The results obtained for octadecane, eicosane, and phenanthrene are in very good agreement with those measured by other techniques. Octadecane and eicosane both melt at temperatures close to room temperature, and the temperature adjustment of the fusion enthalpy to room temperature is small. The temperature adjustment for phenanthrene, 
Primary sp 3 Internal quaternary aromatic sp 2 C (F) 16 9.1
Group sum C p,m (l) (17) 153.1 (18) Eicosane 169.3 ± 0.7 170.4 (17) Phenanthrene 91.2 91.3 ± 2.7 (11) Perylene 138.1 ± 6.2 137.2 ± 5.9 (19) 126.8 (20) 145.4 ± 2.5 (21) 144.1 (22) 134.6 ± 5.4 (23) Coronene >144 141 ± 10.5 (19) 143.2 (20) 138.9 (25) 155.3 (22) 154.7 (23) 144.1 ± 6.9 (24) Corannulene 118.3 ± 3.3
a Sublimation enthalpies were adjusted to T = 298.15 K with equation (2).
T fus = 347 K, is larger. The sublimation enthalpies calculated using equation (4) are in good agreement with the literature values. The values obtained for the sublimation enthalpy of corannulene by head space analysis and correlation-gas chromatography-d.s.c. are in good agreement. A weighted mean value of (118.3 ± 3.3) kJ · mol −1 is calculated on the basis of a weighting factor inversely proportional to the uncertainties associated with each measurement. The uncertainty represents two standard deviations of the mean. The value of 121.4 kJ · mol −1 estimated from an empirical non-bonded atom-atom potential proposed by Williams (16) on the basis of the crystal structure is in good agreement with these experimental results. (16) The sublimation enthalpy of (138.1 ± 6.2) kJ · mol −1 obtained in this work for perylene is in very good agreement with the most recent value reported, but at variance with several others; it is in reasonable agreement with the mean of all the values, (135.9 ± 6.8) kJ · mol −1 . The average of (137.2, 134.6, and 138.1) kJ · mol −1 , namely, (136.6 ± 2.1) kJ · mol −1 , is recommended for the sublimation enthalpy of perylene.
Taking into account the uncertainty associated with the vaporization enthalpy of coronene, (148 ± 4) kJ · mol −1 , the sublimation enthalpy must be several kJ · mol −1 larger than 144 kJ · mol −1 . Two values consistent with this assumption and both in good agreement with each other, have been reported. The mean of (155.3 and 154.7) kJ · mol −1 , 155 kJ · mol −1 , is recommended for the value of coronene. The uncertainty associated with this sublimation enthalpy is difficult to assess. The magnitude of the sublimation enthalpy should probably exceed 148 kJ · mol −1 but must be less than 176.2 kJ · mol −1 (148 kJ · mol −1 + 28.2 kJ · mol −1 , table 6 ). An uncertainty of ±7.0 kJ · mol −1 (two standard deviations) has been arbitrarily assigned.
A comparison of the gas-phase enthalpies of formation of corannulene, perylene, and coronene with those calculated by various theoretical and empirical methods is given in (4) 182.8 ± 0.8 (26) 152.5 ± 6.9 (27, 35) 
